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DEVELOPMENT OF FLOATING WAVE BARRIERS FOR

COST‐EFFECTIVE PROTECTION OF IRRIGATION POND LEVEES

Y. Ozeren,  D. G. Wren,  C. V. Alonso

ABSTRACT. The earth levees commonly used for irrigation reservoirs are subjected to significant embankment erosion due to
wind‐generated waves. Large seasonal fluctuations in water level make vegetative bank protection impractical, and other
stabilization methods, such as the use of stone or discarded tires, are not acceptable due to ecological or economic concerns.
Here, a floating wave barrier made of polyethylene irrigation tubing is designed through a laboratory model study and
subjected to a short‐term prototype‐scale field test. Based on wave characteristics measured in an irrigation pond near
Carlisle, Arkansas, a laboratory‐scale wave generating flume was designed, constructed, and used to test multiple wave
barrier configurations for regular waves in deep and transitional water depths. Wave transmission characteristics were
investigated for the following breakwater arrangements: (1) fully restrained, (2) vertically restrained with a single mooring
line, and (3) horizontally restrained with piles at both sides of the wave barrier. The test results show that cylindrical pipes
can be used effectively and that wave transmission characteristics strongly depend on the draft and mooring configuration
of the wave barrier. The use of multiple small cylinders to replace a single large one is validated. A composite design made
of two sizes of cylinders joined at the top was chosen for field testing. In the prototype‐scale field test, wave amplitudes were
reduced by an average of approximately 50%, which translates into a 75% reduction in wave energy.

Keywords. Erosion protection, Levee erosion, Levee protection, Wave erosion.

ver 50% of the 700 miles of levees that are current‐
ly being used for commercial aquaculture and ir‐
rigation storage experience significant embank-
ment erosion due to wind‐driven waves (Carman,

2003). In irrigation reservoirs, water is stored in the winter
and pumped onto crops in the summer, resulting in water lev‐
els that fluctuate over several feet, making vegetative bank
protection impractical. Bank protection by tires, construction
debris, and riprap has been successfully used, but these are
not acceptable methods because of ecological and economi‐
cal concerns (Carman, 2003). Figure 1 shows a typical exam‐
ple of levee erosion in an irrigation pond.

Floating wave barriers are commonly used to protect
small marinas and for shoreline erosion control in coastal
areas (McCartney, 1985). The kinetic energy of deep water
waves, where the wavelength is less than half the water depth,
is concentrated near the water surface, making it possible to
use floating structures to reduce wave energy. Wave attenua‐
tion is primarily achieved by reflection and dissipation of the
incoming wave energy. Floating wave barriers have lower
construction costs and shorter construction times than bottom
mounted structures and are suitable for locations where wave
conditions are not severe and the water depth is high relative
to the length of waves. The relatively short fetch length
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(approx. 400 to 800 m) and wave periods (1 to 2 s) in most
irrigation ponds are suitable conditions for using floating
wave barriers (Werner, 1988). Floating wave barriers can also
accommodate  the depth changes that are required for the op‐
eration of irrigation reservoirs.

A large variety of floating wave barrier configurations has
been developed for coastal applications. These structures can
be classified according to their geometric configuration and
functionality (Hales, 1981; McCartney, 1985). Either piles or
mooring lines are typically used to restrain the breakwater
motions. The choice of wave barrier type depends primarily
on local wave characteristics, foundation conditions, and the
availability of construction materials. Floating wave barriers
have proven to be effective wave‐attenuation devices, but
they must be designed carefully to serve well in specific ap‐
plications (Isaacson, 1993).

The general design of floating breakwaters for use in ma‐
rine environments is well developed. For reviews of past
work relevant to floating wave barriers, the reader is directed
to the following publications: Hales (1981), Richey and Nece
(1974), McLaren (1981), McCartney (1985), Werner (1988),
and Isaacson (1993). In spite of the large amount of work on
coastal applications, a specific design for low‐cost levee
protection in small reservoirs was lacking. The goal of the
current work is to provide an inexpensive wave barrier design
that can be implemented by landowners using commonly
available materials. For this reason, a design that utilizes cy‐
lindrical pipe sections was sought, with plans to use inexpen‐
sive polyethylene irrigation tubing for the final field
implementation.

Levee erosion by waves is controlled by wave properties
and bank materials. Because of the wide range of soil types
in levee embankments, the current study focused on reducing
wave energy, which, for any soil type or levee configuration,

O



1600 TRANSACTIONS OF THE ASABE

Figure 1. South shore of the irrigation reservoir illustrates extensive erosion damage.

should decrease erosion. Lower amplitude, less energetic
waves have been shown to cause less erosion than higher am‐
plitude waves (CERC, 2003). The results from this study
show that wave barrier effectiveness improves as wave
height relative to barrier diameter decreases. Therefore, pro‐
tecting the shoreline from high‐amplitude waves will also
protect it from low‐amplitude waves. Even though low‐
amplitude waves often occur over longer time periods than
larger waves, there will be little or no levee damage until
some critical shear stress is exceeded. This is one reason why
some levees may stand with little damage for years but then
sustain substantial damage from one strong storm (USDA‐
SCS, 1974).

The description of the work is divided into three sections.
First, preliminary field data collection on wind and wave
characteristics  is described. Second, the model‐scale labora‐
tory work used to study the interactions between waves and
breakwaters is described. Third, a brief description of the re‐
sults from a short‐term prototype‐scale field study is present‐
ed. The main objective of the present work is to demonstrate
that floating wave barriers are a viable option for low‐cost
protection of earth levees. A successful design is presented,
but further research will be required before it is possible to
present full guidelines for large‐scale field implementation.

MATERIALS AND METHODS
FIRST FIELD STUDY

In March 2005, a temporary wind and wave monitoring
station was deployed in an irrigation reservoir approximately
10 km east of Carlisle, Arkansas, so that wind‐driven wave
characteristics  could be measured for use in scaling the mod‐
el study. The reservoir dimensions were 770 × 370 m. The
prevalent wind direction was observed to be from the north‐

east, so the measurement tower was positioned in the south‐
west corner of the reservoir in order to maximize the fetch
length. The water depth, h, at the installation point was 2.5�m.
Bathymetric  variations were negligible in the vicinity of the
measuring station. Approximately 110 min of concurrent
wind direction, wind speed, and wave height data were col‐
lected. The wind conditions were high, averaging approxi‐
mately 48 km h-1 during the data collection period. Thus, it
was appropriate to use the measured wind and wave condi‐
tions as a basis for designing the model‐scale experiments.

Water level measurements were made using two ultrason‐
ic distance sensors separated by a fixed distance, aligned
roughly parallel to the observed wind direction and mounted
approximately 35 cm above the mean water level. The ultra‐
sonic distance sensors collected data at a rate of 10 Hz. The
time series of surface elevations was analyzed by both time
domain (wave train) and frequency domain (spectral) analy‐
sis. The water surface elevation signal was divided into seg‐
ments of 4096 data points, which corresponds to 6.83 min for
10 Hz data recording. Each data segment was analyzed with
50% of the data overlapping the previous segment. Spectral
analysis was performed on 512‐point subsegments (51.2 s),
again with 50% overlapping. Then, eight wave spectra within
each segment were averaged for each frequency band to get
the average spectrum along the 6.83 min interval. Figure 2 is
the average spectrum for 60 min of data, including a compari‐
son with the JONSWAP wave spectrum (CERC, 2003). The
good agreement with the JONSWAP spectrum serves to vali‐
date the data collection and analysis methods used here.

Time domain analysis of data sets with 4096 points
(6.83�min) using the zero downcrossing method was also per‐
formed (CERC, 2003). The zero crossing significant wave
height, Hs, is the average of the highest one‐third of the waves
in a record. Hs was 4.5% lower than the spectral estimate for
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Figure 2. Average spectrum for 60 min data recording with an interval length of 512 data points.
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Figure 3. Significant wave height estimated from the wave spectrum for the entire data set.

Table 1. Ranges of experimental parameters.

Restraint Model

Vertical
Length,
d (mm)

Horizontal
Length,
b (mm)

Draft,
zd (mm)

Water
Depth,
h (mm)

Wave
Height,
H (mm)

Wave
Period,
T (s)

Incident Wave
Steepness,

Hi/L

Relative
Depth,

kh

Aspect
Ratio,
zd/d

Fixed 61 114.6 114.6 24.3 446 15 ‐ 45 0.5 ‐ 1.3 0.006 ‐ 0.08 1.3 ‐ 7.5 0.5
62 114.6 114.6 57.3 466 16 ‐ 75 0.6 ‐ 1.2 0.03 ‐ 0.08 1.4 ‐ 5.2 1.0
63 114.6 114.6 80.2 446 17 ‐ 75 0.6 ‐ 1.3 0.03 ‐ 0.08 1.4 ‐ 7.5 0.7
91 112.3 120.4 82.2 446 20 ‐ 45 0.5 ‐ 1.2 0.009 ‐ 0.1 1.3 ‐ 7.5 0.7

Moored 64 114.6 114.6 57.3 446 15 ‐ 50 0.5 ‐ 1.2 0.006 ‐ 0.08 1.4 ‐ 7.5 0.5
65 114.6 114.6 57.3 446 15 ‐ 50 0.5 ‐ 1.3 0.006 ‐ 0.08 1.3 ‐ 7.5 1.0

Piles 59 89 89 83.4 466 12 ‐ 78 0.5 ‐ 1.3 0.02 ‐ 0.08 1.3 ‐ 7.5 1.0
60 114.6 112 57.3 446 10 ‐ 78 0.5 ‐ 1.2 0.02 ‐ 0.08 1.4 ‐ 7.5 0.5
69 114.6 114.6 110.0 446 12 ‐ 78 0.5 ‐ 1.3 0.01 ‐ 0.08 1.3 ‐ 7.5 1.0
70 114.6 114.6 81.6 446 10 ‐ 78 0.5 ‐ 1.3 0.02 ‐ 0.08 1.4 ‐ 7.5 0.7
96 114.6 300 89 466 12 ‐ 78 0.5 ‐ 1.3 0.02 ‐ 0.08 1.3 ‐ 7.5 1.0
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Figure 4. Diagram of wave flume and definition of key variables.

the significant wave height, Hmo, shown in figure 3, a differ‐
ence that is reasonable based on similar measurements by
others (Longuet‐Higgins, 1980).

MODEL STUDY

Wave barrier models were scaled by selecting the size of
the model and then adjusting the wave parameters so that the
Froude scaling criterion was satisfied (Hughes, 1993). This
resulted in a ratio of prototype to model length scale of
approximately  1:3. Table 1 shows ranges of parameters used
in the model study, and variables are defined graphically in
figure 4. The Reynolds number was approximately 105 to
106, which is high enough to render the difference between
model and prototype scales negligible; therefore, the Re‐
ynolds scaling criterion was not used (Hughes, 1993). The
wave gauges were positioned far enough from the breakwater
to avoid local disturbances due to viscous effects in both the
field and experimental studies.

In climate data compiled by the USDA‐NRCS National
Water and Climate Center for the Little Rock, Arkansas Na‐
tional Airport approximately 40 miles west of the study site,

it was found that winds over 40 km h-1 occurred less than 2%
of the time January to April and less than 1% of the time for
the rest of the year. The wave characteristics used to scale the
model study were determined from field data that were col‐
lected in the presence of sustained winds up to 48 km h-1,
which exceeds typical wind conditions except in a few of the
most extreme events.

A 19 m wave flume with a computer‐controlled flap‐type
wave generator and wire mesh permeable wave absorber was
designed and constructed at the USDA‐ARS National Sedi‐
mentation Laboratory. Figure 5 shows the flume, wave gener‐
ator, and wave absorber. The relationship between the motion
of the wave generator and the generated wave properties was
obtained experimentally and found to be in good agreement
with first‐order wave maker theory for the range of wave pa‐
rameters in the current work (Dean and Dalrymple, 1991).
A�permeable sloping beach with a parabolic cross‐section
was used to dissipate wave energy at the end of the flume op‐
posite the wave generator. Reflection from the wave absorber
was less than 10% for waves within the experimental range.

(a) (b)

(c)

Figure 5. (a) Wave flume, (b) flap type wave generator, and (c) wave absorber.
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The interaction of waves with a floating breakwater of an
arbitrary shape will result in a portion of the wave energy be‐
ing reflected from the absorber, a portion of the energy being
transmitted through and under the breakwater, and a portion
of the wave energy being dissipated by the motion of the
wave barrier and turbulence. Incomplete reflections from an
obstacle will form a partial standing wave, and the resulting
envelope of the wave amplitudes will have stationary points
of maximum (Hmax) and minimum (Hmin) wave amplitude.
The reflection produces a stationary spatial envelope of wave
heights given by:

 += iHHmax Hr  (1)

 −= iHHmin Hr  (2)

where Hi is the incoming wave height, and Hr is the reflected
wave height. The reflection coefficient, �r, can be rewritten
in terms of this spatial envelope:

 
HH

HH
Kr +

−=
max

max  (3)

A capacitive level sensor was translated in the direction of
wave motion at a velocity sufficient to record at least two en‐
velopes over a 147 cm section of the wave flume to capture
the quasi‐antinodes and quasi‐nodes. A second static level
sensor located on the side of the wave barrier opposite the
wave generator was used to measure the transmitted wave
characteristics.  The capacitance level sensors measured the
water level at a rate of 30 Hz with an accuracy of approxi‐
mately ±1 mm.

PVC pipes of different circular cross‐section, oriented
parallel to wave crests, were used as model wave barriers.
Fixed, moored, and pile‐restrained barriers were tested. In
the fixed configuration, the barrier was completely fixed,
with no motion allowed. This case is not feasible for field use
and was included only for comparison with floating cases and
to theory for validation purposes. It was also used for validat‐
ing data collection and analysis methods by comparing it to
previous work by Dean and Ursell (1959). For the sake of
brevity, the comparison is not shown here. Models were
installed 12.4 m from the wave generator, allowing enough
space to take measurements on both sides of the model. The
initial position for the moving gauge was 9.6 m and the final
position was at most 11 m from the wave generator. The fixed

gauge was installed 13.8 m from the paddle. Both of the level
sensors were positioned so that the midpoint of the staff was
at mean water level. A computer‐controlled system was used
to automatically conduct multiple experiments while varying
the wave parameters over a specified range. A constant water
depth of 466 mm was used for all experiments.

In the moored configuration, the barrier was connected to
the bottom of the flume with a single cable. The pipes were
slightly shorter (5 mm on each end) than the channel width
to avoid side friction, and the ends were sealed to exclude wa‐
ter and facilitate positioning in the wave channel. The draft
was adjusted by changing the tension of the mooring line. Ex‐
cess buoyancy provided tension in the mooring line. An im‐
portant disadvantage of the moored system is that it cannot
accommodate  water depth changes. At lower depths, the
mooring line becomes loose, and at higher depths, the wave
barrier may become fully submerged, resulting in a high
transmission coefficient.

Pile‐restrained models utilized a pair of vertical rods on
each end of the barrier to maintain the model's position. The
density of the pipes was adjusted using styrofoam caps at both
ends. The remaining volume was filled with water to increase
the inertia. The circular pipe sections were completely re‐
strained in the horizontal direction, but they were free to
move vertically and roll. Piles have advantages over moored
breakwaters since they can easily accommodate water level
changes and sustain the desired draft. The restraint provided
by the piles is significantly greater than that provided by
mooring lines. Two different pile‐restrained model configu‐
rations are shown in figure 6.

Composite breakwater models, constructed by connecting
two or more pipe sections with different geometries, were
also tested for each class of restraint. The first pipe was fully
submerged, while the second one was 50% submerged. Only
the first pipe was restrained between the piles. The rigid con‐
nection between the two pipes prevented horizontal move‐
ment of the second pipe and rolling motion of both pipes. The
gap between the two pipes provided a confined region for
overtopped waves to dissipate. The data for each set of exper‐
iments were analyzed using computer code developed in‐
house. A band pass Butterworth filter was used to remove
unwanted frequency components. Transmitted and envelope
wave periods were obtained by using frequency domain anal‐
ysis. The wave period for the envelope was corrected with the
speed of the moving gauge. The amplitudes were calculated

(a) (b)

Figure 6. General configurations of pile‐restrained wave barriers for (a) a fully submerged single pipe and (b) two pipes connected with rigid bars.
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Figure 7. Sample data for h = 446.5 mm, H = 20 mm, T = 0.65 s, and d = 114.6 mm: (a) water level from the moving gauge, and (b) water level from the
fixed gauge.

by locating the peaks of the time series data. The maximum
and minimum amplitudes of the wave envelope were com‐
puted similarly. A sample of data recorded during an experi‐
ment is given in figure 7.

RESULTS AND DISCUSSION
The main objective of the work was to create an effective

and economical floating wave barrier. A model study was
used to evaluate the effect of different combinations of the
controlling variables and to identify a simple design that re‐
tained adequate wave damping qualities. Since wave barriers
are used to reduce wave height, the primary dependent vari‐
able is the transmitted wave height. The energy balance equa‐
tion for the physical process of a wave encountering a
floating breakwater can be stated in terms of wave heights as:

 1
222
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where Hl is the wave height related to energy loss (a derived
height representing a quantity of energy lost), and Ht  is the
transmitted wave height. Equation 4 can be restated in terms
of coefficients:

 1222 =κ+κ+κ ltr  (5)
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l
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H
 = loss coefficient (CERC, 2003) (8)

The most common parameter used to characterize floating
breakwater performance is the transmission coefficient, �t.

When a floating object with length d (the diameter in the case
of a cylinder) and depth of submergence zd interacts with
waves of height Hi and length L at water depth h, some por‐
tion of the wave energy is transmitted above, below, or
through the wave barrier, and some of the energy is reflected
or dissipated according to the relationship given in equa‐
tion�5. The amount of transmitted energy depends on the
wave barrier configuration and wave characteristics. Key pa‐
rameters in the design of a floating wave barrier are the rela‐
tive submergence (zd/d), the geometry of the barrier, and the
method of restraint. The most important wave characteristics
are the wave height given as the wave steepness (Hi/L) and
the wave length given as the relative depth (kh, where k =
2�/�L). All models in the current study were subjected to a
broad range of wave steepnesses.

The data presented in following sections are organized by
relative submergence, zd/d, geometry, and restraint type.

EFFECT OF RELATIVE SUBMERGENCE

The effect of relative submergence (zd/d) for fixed,
moored, and pile‐restrained configurations was tested. Fig‐
ure 8 presents averaged transmission coefficients (symbols)
over a range of wave steepnesses (indicated by bars) for three
different submergence ratios of fixed cylindrical pipe sec‐
tions. Longer waves (small kh) were transmitted through the
models. The wave barriers were more efficient for shorter
waves since the energy concentration was closer to the water
surface. As zd/d decreased, the amount of reflection increased
and transmission decreased. As zd/d was increased, waves be‐
gan to go over the top of the wave barrier. The lack of wave
barrier surface area above the water surface limited the abili‐
ty of the fully submerged cylinder to block waves. In the de‐
sign range, 2 < kh < 8, the model with zd/d = 0.7 had the lowest
transmission coefficient. This effect is less pronounced for
longer waves since the portion of the energy transmission
through overtopping is relatively lower.

In figure 9, moored pipes were tested for zd/d = 0.5 and
zd/d�= 1.0. Here, the fully submerged model performed best,
with a decreased transmission coefficient relative to the half‐
submerged model. The performance of the fully submerged
cylinder was found to be more dependent on wave steepness
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Figure 8. Effect of submergence ratio (aspect ratio) on transmission coefficient for fixed pipe with d = 114.6 mm. Bars represent the range of wave steep‐
ness, k = 2�/ L, and h = water depth. See equation 5 for definition of �t .
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Figure 9. Effect of submergence ratio (aspect ratio) on transmission coefficient for moored pipe with d = 114.6 mm. Bars represent the range of wave
steepness, k = 2�/L, and h = water depth. See equation 5 for definition of �t .

due to overtopping, denoted by the wide range of �t values
caused when the wave steepness was varied. There is a signif‐
icant increase in �t relative to the fixed case due to a method
of restraint that allowed a significant amount of motion.

In figure 10, the results of testing pile‐restrained wave bar‐
rier models with three different zd/d values are shown. The
highest efficiency is at zd /d = 0.7, which provides optimum
draft, inertia, and resistance to wave overtopping. This is be‐
cause wave generation by the vertical motion of the breakwa‐
ter is decrease due to the increased inertia relative to zd /d  =

0.5. The additional freeboard relative to the fully submerged
model decreased overtopping for most of the waves within
the experimental range. The pile‐restrained model with
zd /d = 0.7 also demonstrated higher reflection coefficients
than other tested zd/d values.

EFFECT OF GEOMETRY
A bundle of smaller pipes can be substituted for a larger

cylinder to reduce the material and transportation costs. The
advantages of using smaller pipes are discussed more fully
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Figure 10. Effect of submergence ratio (aspect ratio) on transmission coefficient for pile‐restrained pipe with d = 114.6 mm. Bars represent the range
of wave steepness, k = 2�/L, and h = water depth. See equation 5 for definition of �t .
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Figure 11. Comparison of transmission coefficients of fixed single pipe and bundle of three pipes; zd  = submerged portion of wave barrier, and L = length
of incident wave. See equation 5 for definition of �t .

below. Here, it is demonstrated that bundles are as effective
as larger pipes with similar diameter. In figure 11, the trans‐
mission coefficient of the fixed single pipe and a bundle with
aspect ratio zd /d = 0.7 are compared. The transmission coef‐
ficients of the two models are similar, indicating that the
shape of the cylinder had little influence on the efficiency of
the wave absorber for the same relative submergence. The ef‐
fect of using a corrugated irrigation pipe instead of the
smooth PVC pipes used in the model runs was also tested, re‐
sulting in the conclusion that the corrugations had no nega‐
tive impact on wave barrier efficiency. In figure 11 (and in
figs. 12 through 15), the x‐axis is scaled by relative draft,

zd�/L, where zd  is the submerged depth of the floating barrier,
and L is the length of the incident wave. This scaling allows
the effect of pipe diameter relative to wave scale to be seen.

In figure 12, the wave transmission of a single pipe is
compared to a composite arrangement utilizing two pipe di‐
ameters (see diagram on figure) connected at the top for wave
steepnesses of 0.03, 0.06, and 0.08. There is improvement in
the efficiency of the composite wave barrier at high wave
steepness due to energy dissipated by trapped waves breaking
in between the two pipes. The smaller pipe helps to limit the
transmission of steeper waves that pass the first by overtop‐
ping, while the first pipe provides maximum damping and
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Figure 12. Comparison of transmission coefficients of single and double pipe pile‐restrained breakwater models for wave steepness, Hi/L = 0.03, 0.06,
and 0.07; zd  = submerged portion of wave barrier; and L = length of incident wave. See equation 5 for definition of �t .
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Figure 13. Comparison of the transmission coefficients of half‐submerged (zd  /d = 0.5) fixed, moored, arm‐restrained, and pile‐restrained breakwater
models with d = 114.6 mm; zd  = submerged portion of wave barrier, and L = length of incident wave. See equation 5 for definition of �t .

draft that limit the transmission of less steep waves. The ad‐
vantage of the two‐pipe system is seen at higher wave steep‐
ness, and this is usually important during the extreme wave
conditions that likely cause much of the damage seen on lev‐
ees. The composite arrangement also provided a ready means
for holding the wave barrier in place using the pile located be‐
tween the two sections.

EFFECT OF RESTRAINT TYPE

In figure 13, the wave transmission characteristics of dif‐
ferent restraint methods are shown for half‐submerged

zd /d = 0.5) single‐cylinder models with d = 114 mm. Each
data point represents the average transmission coefficient
over the range of wave steepness. Neither of the partially re‐
strained models are as efficient as the fixed breakwater for
zd /d = 0.5. In figure 14, the reflection coefficients are
compared. It can be seen that the pile‐restrained breakwater
model has relatively low reflection coefficients, indicating
that it reduces wave energy through energy dissipation rather
than reflection.

When the pipe section is submerged completely, as in fig‐
ure 15, the pile‐restrained models become more efficient than
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Figure 14. Comparison of the reflection coefficients of half‐submerged (zd  /d = 0.5) fixed, moored, and pile wave barrier models with d = 114.6 mm;
zd  = submerged portion of wave barrier, and L = length of incident wave. See equation 5 for definition of �r.
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Figure 15. Comparison of the transmission coefficients of fully submerged (zd  /d = 1.0) fixed, moored, and pile‐restrained breakwater models with d�=
114.6 mm; zd  = submerged portion of wave barrier, and L = length of incident wave. See equation 5 for definition of �t .

the fixed model. For the fully submerged cylinder, energy
transmission during overtopping becomes significant, and
the dynamic properties of the partially restrained models im‐
prove the transmission characteristics of the wave barrier.
Note that the data points are averaged over the steepness

range, and for milder waves the transmission coefficients of
the pile‐restrained model are lower than the average trend,
while the transmission coefficients of the fixed model do not
change significantly with wave steepness.
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Figure 16. Comparison of the transmission coefficients of partially submerged (zd  /d = 0.7) fixed and pile‐restrained wave barrier models with d =
114.6�mm; k = 2� /L, and h = water depth. See equation 5 for definition of �t .
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Figure 17. Comparison of the reflection coefficients of partially submerged (zd  /d = 0.7) fixed and pile‐restrained wave barrier models with d =
114.6�mm; k = 2� /L, and h = water depth. See equation 5 for definition of �r.
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In figure 16, the transmission coefficients of fixed and
pile‐restrained partially submerged (zd /d =0.7) models are
compared. The pile‐restrained configuration has transmis‐
sion coefficients as low as the fully restrained model. In fig‐
ure 17, it can be seen that the reflection coefficients of the
pile‐restrained breakwater are lower than the fully
constrained configuration even though their transmission
characteristics  are similar, indicating again that the main
mechanism of wave attenuation for the pile‐restrained model
is energy dissipation. When the waves get shorter (2.5 < kh�<
4.5), the reflection coefficients of the pile‐restrained model
do not increase as rapidly as the fixed model, since some of
the energy is damped when the waves interact with the par‐
tially restrained cylinder. For kh > 4.5, the dynamic response
of the pile‐restrained breakwater becomes insignificant, and
it responds like the fixed model.

FINAL DESIGN AND RESULTS FROM FIELD TEST
Based on the results of the model study, two wave barrier

configurations were chosen for prototype‐scale field testing
in the same reservoir where the preliminary wave character‐
istics were measured. One utilized a single 29 cm polyethyl‐
ene irrigation pipe, and the second was a composite design
made up of one standard 24 cm outside diameter irrigation
pipe connected at the top to a 12 cm outside diameter smooth‐
walled pipe. Wave data were collected using the same capaci‐
tive wave probes as used in the laboratory study, and a third
probe was added to better characterize the incident wave
characteristics.  Wind conditions were monitored throughout
the field test. Wave analyses similar to those conducted dur‐
ing the first field study and the model study were used to mea‐
sure the performance of the prototypes.

The final design can be seen in figures 18 and 19. The
composite design performs better on high‐steepness waves
because it serves to capture some wave sizes between the two
sections, resulting in improved dissipation of wave energy.

61 cm

∅24 cm ∅12 cm

Side View Top View

61 cm

Polyethylene
irrigation

tubing

Connecting
brace

Figure 18. Diagram of final design used in prototype‐scale field test.

Figure 19. Temporary prototype‐scale field test for composite wave barrier. Waves are coming from the left side of the photo at about a 20° angle to
the barrier. Note the visibly lower wave amplitude on the far side of the wave barrier.
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Figure 20. Wind and wave data from short field test in irrigation reservoir. The maximum wind vector length represents a wind of 18 mph.

While it adds some complexity and cost, the composite de‐
sign has the advantage of eliminating the need for end re-
straints, since piles driven between the brackets used to main‐
tain the offset of the two pipes will keep the wave absorber
in place. The ends of the pipe were covered with plywood,
and holes were drilled along the length so that the pipes were
filled with water. The added mass of the water and the re‐
stricted movement in and out provided by the holes increased
the performance of the wave barrier. Using methods similar
to those used to analyze wave data from the first field trip and
the model study resulted in figure 20, which shows that, for
winds that were approximately normal to the barrier (from
about 11:00 a.m. to 12:45 p.m.), the reduction in transmitted
wave amplitudes (1 - �t) ranged from 40% to 55%. Similar
reductions were achieved using a single pipe with d�= 29 cm.
However, due to the cost and transportation considerations,
the composite design was determined to be more desirable.

In figure 20, several things should be noted. The changing
wind direction caused the waves to impact the absorber in dif‐
ferent directions, resulting in sensor I and sensor II encoun‐
tering, at times, either incident or reflected waves. The
algorithms used to analyze the data took this into account and
swapped the treatment of data from the sensors so that �t
could be correctly calculated. Both early and late in the re‐
cord, values of �t greater than one are seen. These result from
low‐amplitude waves whose direction was nearly parallel to
the wave absorber, causing the level sensors to measure near‐
ly identical wave height. This, combined with measurement
error from the sensors, resulted in time periods where the
transmission coefficient was greater than one.

Another finding from the field work and the resulting con‐
siderations of implementation strategy was that multiple
small‐diameter  pipes bundled together to arrive at larger di‐
ameters is preferable from both a logistical and cost stand‐
point in spite of the additional labor required to bundle the
pipes together. A truck can haul 4 914 m rolls of 12 cm pipe.
Using a bundle of three pipes with a fourth offset in the pre‐
viously described configuration means that one truck can de‐
liver enough pipe for 914 m of bank protection. One truck can
haul a total of 1219 m of 24 cm pipe, but additional 12 cm
pipe would be needed to complete the composite design. In‐
cluding couplings, the 24 cm pipe costs $6.40 per meter
(in�spring 2008). For 29 cm pipe, the cost goes up to $8.10 per

meter. Using 12 cm pipe, the pipe cost is 4 × $1.31 per meter
= $5.25 per meter. This cost savings becomes significant
when several hundred meters of barrier per pond is consid‐
ered. It is not possible to accurately factor in transportation
cost, since distances from manufacturers to implementation
locations can vary widely. However, the ability to protect
914�m of shoreline with one truck delivery will certainly low‐
er transportation costs relative to the other options considered
here. In addition, the larger pipe sizes are more commonly
available in 6 m sections that must be coupled together. This
configuration makes transport of large amounts of pipe more
difficult and more costly.

CONCLUSION
A basic design for a floating wave barrier for use in irriga‐

tion reservoirs was determined through scaled model testing
in a laboratory wave flume. Various sizes and configurations
of cylindrical pipe models were used to determine a final de‐
sign. Field measurements of wave characteristics allowed the
model wave barrier and waves to be scaled so that the results
could be applied in a meaningful way. The best combination
of performance, cost, and installation logistics was obtained
using a pile‐restrained floating breakwater with parallel
pipes submerged at zd /d = 1.0 on the upwind side and zd/d =
0.6 on the downwind side. A subsequent field test validated
the conclusion from the laboratory testing that this design can
be used to reduce wave energy impacting levees. In the field
test, wave amplitudes were reduced by an average of approxi‐
mately 50%, which translates into 75% reduction in wave en‐
ergy. It is anticipated that the details of the field
implementation  will change due to the logistics of installing
long sections of barrier, but that the basic design utilizing the
offset composite configuration will remain.

Specific conclusions follow:
� As would be expected, for both fixed and floating

cases, larger diameter wave barriers had better perfor‐
mance than smaller ones. However, the material and
transportation costs of irrigation pipe increase rapidly
with diameter, making the use of bundled smaller pipes
to arrive at larger diameters a better option than one
single large‐diameter pipe.
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� There is an optimal relative submergence that maxi‐
mizes the reflection and dissipation characteristics of
a given wave barrier design. This value varies based on
the type of restraint. For example, fully submerged
pile‐restrained barriers performed better than fully sub‐
merged fixed barriers for a range of wave parameters.

� Of the restraint types tested here, the pile‐restrained
model was the most effective at attenuating waves.

� The moored arrangement was less effective than pile
restraint. The moored design also has the disadvantage
of a strong dependence on water level.

� For low‐amplitude waves like those considered in the
current study, a relative submergence of zd /d = 0.7 was
found to be optimal for the pile‐restrained model.

� Bundles of smaller pipes were found to perform in a
manner comparable to a single pipe of the same diame‐
ter.

� The corrugations on irrigation pipe had no negative ef‐
fect on wave barrier performance.
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